Objective: This open-label study evaluated the effects of combined tocilizumab (TCZ) and disease-modifying antirheumatic drugs (DMARDs) on magnetic resonance imaging (MRI) changes in synovial membrane enhancement, bone marrow edema (BME), and erosions in the wrist and hand joints of rheumatoid arthritis (RA) patients inadequately responding to DMARDs alone. Methods: The efficacy of intravenous TCZ 8 mg/kg administered every four weeks for 48 weeks was evaluated on six occasions. The primary endpoints were the changes in the extent and degree of wrist synovitis as measured using the RA MRI Score (RAMRIS) and dynamic, gadoliniumenhanced 0.2T MRI (DCE-MRI). A number of different parameters of DCE-MRI were evaluated. Results: Fifty-eight patients were treated, eight of whom (13.8%) discontinued the study prematurely. The mean RAMRIS significantly decreased after two weeks and the decrease was maintained for up to 48 weeks. By week 4, the mean RAMRIS synovitis score had significantly decreased from baseline (−0.804±1.575; p=0.018), but not the mean early enhancement (REE) or relative enhancement (RE). However, there were significant decreases in RE at week 24, in REE and N total (total number of enhancing voxels)*IRE (initial rate of enhancement) at weeks 12, 24 and 48, and in N total *ME (maximal enhancement) at weeks 24 and 48. Mean BME decreased from baseline to week 48, and bone erosions did not progress. The patients' clinical parameters significantly improved from baseline until week 48. Conclusion: TCZ in combination with DMARDs improved wrist synovitis, BME and clinical parameters, without any progression in bone erosions. The RAMRIS for synovitis rapidly improved from as early as two weeks after the first TCZ infusion. (Funded by F. Hoffmann-La Roche; ACTRACE EudraCT No. 2009 012185-32).
A number of randomised clinical trials and several long-term follow-up studies have demonstrated that it acts quickly and effectively in RA patients, alone or in combination with other agents, and suggest that it may offer an alternative for patients who have shown an inadequate clinical response to biological or non-biological, disease-modifying anti-rheumatic drugs (DMARDs). [3] [4] [5] [6] It is still debated if the efficacy of TCZ is in part only apparent because of its ability to rapidly inhibit the IL-6 mediated C-reactive protein (CRP) production by the liver. 3 A more objective method than clinical and laboratory measures could be the evaluation of MRI variables. The effect of TCZ in RA patients has been previously studied by means of MRI but the original OMERACT Rheumatoid Arthritis MRI Score (applied RAMRIS), which is the preferred method of evaluating MRI in RA, is not always easy to use in the daily clinical practice. [7] [8] [9] [10] [11] [12] [13] [14] In three studies, contrast enhancement was not used and in another it was used but the RAMRIS was mainly evaluated on synovial membrane volumes obtained from the STIR images. [7] [8] [9] 11 Synovitis can be measured by MRI without the use of paramagnetic contrast agents or comparing pre-and postcontrast images. In the first case, fat suppression sequences are commonly used which evidence tissues with high water content, such as inflamed synovial membrane and synovial fluid, after exclusion of fat. The advantages of this method are that it is completely non invasive and that the costs, contraindications and the possible, although uncommon, side effects of contrast agents are avoided. The disadvantage is that it is anatomically imprecise because it cannot fully discriminate between synovitis and synovial fluid effusion. As a consequence, i.v. gadolinium is necessary to precisely quantify the volume of inflamed synovial membrane. The most diffused method to assess post-contrast enhancement of the synovial membrane is the RAMRIS, a semiquantitative evaluation of three slices of the wrist and of the metacarpophalangeal joints on a subjective scale between 0 (no enhancement) and one to three (mild, moderate, and severe) by thirds of the presumed maximum volume of enhanced tissue in the synovial compartment. More recently, dynamic, contrastenhanced MRI (DCE-MRI) has been proposed as an objective method to study synovitis by extracting curves from the sequential acquisition of repeated fast T1-weighted sequence during intravenous infusion of gadolinium. The focus can be put on a small region of interest (ROI) manually placed in the area with most visual enhancement or on all images in a fully automated approach. The second method should be better for it is more rapid and reproducible, and avoids motion artifacts. It also shows a good correlation with the traditional RAMRIS. 15 The aims of this study were to evaluate a group of TCZtreated RA patients using extremity-dedicated, contrastenhanced MRI, and assess the usefulness of DCE-MRI using a new computerised technique devised to quantify inflammatory synovial neoangiogenesis and vasodilatation. 16 
Patients And Methods Patients
The study involved adult outpatients with moderate or severe, active RA (disease activity score 28 C-reactive protein (DAS-28 CRP) >3.2, swollen joint count ≥6, tender joint count ≥8) diagnosed on the basis of the 1987 American Rheumatism Association (ACR) criteria. 17 The other inclusion criteria were a disease duration of at least six months, a poor response to at least three months' previous treatment with a stable dose of nonbiological DMARDs, no previous use of biological treatment, and the inflammatory involvement of at least one wrist at baseline. Patients who had received intra-articular or parenteral corticosteroids in the previous six weeks were excluded, as were those who had received previous treatment with a biological agent.
The patients gave their written informed consent to the study, the protocol of which (EudraCT No. 2009 012185-32) was approved by the Independent Ethics Committees of the 11 participating centres before any study-related procedure was started.
Treatments TCZ 8 mg/kg was intravenously administered by means of a 60 min infusion every four weeks for a total of 12 infusions. Oral corticosteroids, non-steroidal anti-inflammatory drugs, methotrexate (MTX) or other non-biological DMARDs were continued at a stable dose, unless tapering was required for safety reasons. Up to the maximum recommended doses of additional analgesics could be used to control pain except in the 24 hrs preceding a visit that included the recording of efficacy measures.
Methods
All of the centres performed MRI using a 0.2T, extremitydedicated Artoscan unit (Esaote, Genoa, Italy) equipped with a permanent magnet and a dedicated, 13 cm diameter hand and wrist coil. 18 . After a bolus injection of 0.2 mL/kg of Gadolinium-DTPA (diethylenetriamine penta-acetic acid) (Magnevist; Schering, Berlin, Germany), 20 consecutive fast spin-echo images of the wrist were acquired every 18 seconds. The shape of the resulting curve reflects the time-dependent tissue uptake of the contrast: tissues with inflammatory neovascularisation and vasodilation, such as the active synovial membrane, rapidly assume contrast (wash-in phase), and then reach a plateau followed by a washout phase. DCE MRI was used to investigate a ROI in the area of the synovial membrane with the greatest visual enhancement. The rate of early enhancement (REE) per second during the first 55" was calculated using the formula: REE 55 = (S 55 -S 0 )/(S 0 x55)*100%, and relative enhancement (RE) at t seconds was calculated using the formula: RE t = (S t -S 0 )/S 0 *100%, where S 0 and S t are the signal to noise ratios between the signal measured in the ROI and the standard deviation (SD) of the background noise before and t seconds after the injection of the contrast medium. The signal was normalised to an external reference in order to reduce noise. REE is the slope of the curve of contrast uptake tangential to the angle (the steeper the curve, the greater the inflammation), RE indicates the steady state of enhancement. The images were also evaluated using a novel computeraided technique for the automated processing of the DCE MRI of the whole synovial membrane (Dynamika ® , ImageAnalysis, UK) after motion correction and filtering. 16 The area to be investigated was chosen semi-automatically, within a manually outlined ROI drawn quickly around the joint excluding large artefacts such as blood vessels. The signal intensity (SI) vs time curves are extracted from each voxel and automatically assigned to one of four patterns of contrast uptake ("no enhancement", "persistent enhancement", "plateau" or "washout"), which are in effect linear models approximating the SI curves. The "no enhancement" and "persistent enhancement" patterns are typical of tissues unaffected by disease and background, whereas the "plateau" and "washout" patterns are typical of perfused tissues such as inflamed joints or blood vessels. The resulting parameters include maximum enhancement (ME), the % variation in enhancement from baseline, which is higher in more perfused tissues; the initial rate of enhancement (IRE), the slope of the enhancement curve expressed in % per second, with the highest values corresponding to the most vascularised tissues; N total or the total number of enhancing pixels; N plateau or the number of pixels for which the corresponding curves reach the intensity plateau; N washout or the number of pixels reaching the washout phase; and N total *IRE and N total *ME, which are composite parameters that reflect the volume and degree of inflammation.
Antero-posterior radiographs of the hands and wrists were obtained at baseline and after 48 weeks, and evaluated centrally at the Genoa centre using the total modified Sharp score (TMSS). All the MRI images were read in the same centre; in particular the STIR images underwent standardisation of the look-up-table to improve contrast.
The primary efficacy endpoints of the study were: i) the extent and degree of wrist synovitis at week 4 as measured using the Rheumatoid Arthritis MRI Score (RAMRIS); and ii) the degree of synovitis at week 4 quantified on the basis of the REE and RE of dynamic, gadolinium-enhanced MRI of the wrist. The secondary efficacy endpoints were the MRI findings at all time points, radiographic changes in the hands, and the clinical and laboratory evaluations usually performed in RA patients.
Clinical Efficacy
Disease activity was assessed at each study visit using the DAS 28, a composite of 28 tender joint counts, 28 swollen joint counts, CRP levels, and the patients' visual analogue scale assessment of disease activity. The HAQ disability index was also calculated. The percentage of patients with a DAS 28-based response according to EULAR (20) was recorded.
Statistics
A sample size of 70 patients had 90% power to detect a mean difference of 0.9 in RAMRIS for synovitis between baseline and week 4, assuming a SD of 2 and using a paired t-test with a 0.017 two-sided significance level, considering the multiplicity of statistical test performed. Efficacy and safety were analysed in the intent-to-treat (ITT) population (i.e. all of the subjects who received at least one dose of treatment). The primary efficacy endpoints were also evaluated in the per-protocol (PP) population (i.e. all of the patients in the ITT population without major protocol violations). A paired t-test was used to evaluate the changes in the primary endpoints from baseline to week 4, with Bonferroni correction because of the multiplicity of tests. The Bonferroni correction was considered adequate despite of dependence of outcomes as the more conservative approach, taking into account the explorative nature of the analysis. The changes in the efficacy measures from baseline to any post-baseline time point were evaluated using a repeated ANOVA model. The original data were rank transformed when not normally distributed. The last observation carried forward (LOCF) method was used in the case of missing post-baseline data.
Results
Fifty-eight RA patients (87.9% Caucasian; 77.6% female; mean age 51.5±13.0 years; mean disease duration 9.2±9.1 years) were recruited at the 11 study centres. The most frequent RA treatments were methotrexate (44 patients, 75.9%) and prednisone (27 patients, 46.6%). Eight patients (13.8%) discontinued the study prematurely, and 43 (74.1%) were included in the PP population.
Treatment with TCZ was associated with a rapid and progressive improvement in disease activity. There was a significant decrease from baseline in mean DAS-28 CRP levels and the HAQ disability index after just two weeks of treatment, and this was maintained until the end of the study. The mean changes in DAS-28 CRP and HAQ from baseline to the end of the study were respectively −3.07 ± 1.27 and −0.67±0.09. A good response based on DAS-28 ACR criteria (i.e. a score of <3.2 with an improvement from baseline of >1.2) was observed in 71.6% of the patients at week 24, and in 77.3% at week 48 (Figure 1) . Table 1 shows the results of the primary efficacy endpoints in the ITT population. By week 4, there was a significant decrease from baseline in the mean RAMRIS for wrist synovitis (p=0.018), whereas mean REE and RE did not significantly change. The results in the PP population were consistent with those of the ITT analysis.
In the ANOVA model, the decrease from baseline in mean wrist RAMRIS was significant as early as two weeks after the start of treatment, and this was maintained until the end of the study. The improvement in REE was slower and did not start until week 12, and the decrease in RE was significant only after 24 weeks. The decrease in the RAMRIS for synovitis was similar in all of the individual wrist joints (data not shown). The improvement in MRI measures constantly increased at every time point.
Among the MRI parameters measured using Dynamika ® software (Table 2) , N wash-out and N total *IRE significantly decreased from baseline by week 12, whereas ME, N total *IRE and N total *ME decreased by week 24. By week 48, there was a statistically significant decrease in mean IRE, ME, N total , N plateau , N wash-out , N total *IRE and N total *ME. Figure 2 shows the changes in ME in an individual patient. Figure 3 shows the RAMRIS for bone marrow edema (BME) and erosion. The mean aggregate BME score (wrist +MCP sites) significantly decreased from baseline to week 24 (mean change −6.70 ± 10.98; p=0.002) and week 48 (mean change −8.30±13.06; p=0.001). Similarly, the mean number of bones with BME progressively decreased from 7.91±6.27 at baseline to 4.88±5.29 at week 48 (p<0.0001). Figure 4 shows the evolution of BME during TCZ treatment Similarly, there were no radiographic changes in the hands from baseline to week 48 as evaluated by the TMSS (mean Abbreviations: IRE, initial rate of enhancement; ME, maximal enhancement; Ntotal, total number of enhancing voxels; Nwashout, number of voxels with washout. change 1.46±5.66), or its component erosion score (mean change 0.31±1.07) or joints synovial narrow (JSN) score (mean change 1.15±5.42). Fifty patients (86.2%) experienced at least one treatment emergent adverse event (TEAE, AEs started at or after the first administration of the study treatment), mainly infections (39.7%) and laboratory abnormalities (36.2%). However, only two patients (3.4%) discontinued the study prematurely because of AEs (erythematous rash, face edema and tachycardia in one patient, and herpes zoster in the second), although 27 (46.6%) required TCZ dose modifications.
Discussion
This is the largest study in which the effect of TCZ was analyzed using contrast-enhanced MRI, showing that the drug is efficacious as early as two weeks after the start of treatment, although the number of patients was lower than that calculated for the defining the power of the study because of enrolment difficulties in some of the participating centres. There are only a few MRI studies evaluating TCZ treatment in RA patients. One low-field, extremitydedicated MRI study of a small number of patients refractory to anti-tumour necrosis factor (TNF) biological agents showed improvements in MRI indices after 44 weeks, but no clear short-term (20-week) response. 8 Another study administered TCZ to 29 RA patients and evaluated its effects after two and five months using a 1.5T machine: TCZ improved the patients' clinical and laboratory parameters, but there was no change in the MRI findings. 7 The delayed or absent MRI effects may have been due to difficulties in clearly distinguishing bone erosion and BME, the relatively large fields of view with a low spatial resolution (a heart coil was used in one study), the use of scores other than RAMRIS and, most importantly, the fact that MRI without contrast enhancement was used, which is less sensitive to treatment-induced changes in synovitis. Furthermore, the studies used STIR sequences to evaluate synovitis although they have been shown to be less sensitive than post-contrast sequences in this setting. [19] [20] Conaghan et al compared the efficacy of TCZ monotherapy and combined TCZ and DMARD treatment using extremity-dedicated MRI and the same machine as that used in our study. TCZ alone improved synovitis and osteitis as early as two weeks after the start of the study, Figure 2 Changes in ME as evaluated by the Dynamika software in a representative patient. Note the progressive improvement in synovitis until week 24 and its worsening at week 48, which corresponded to a slight and temporary clinical deterioration. Changes in bone marrow edema (BME) as evaluated by means of STIR sequences in an individual patient. Note the progressive improvement in BME, which was paralleled by a decrease in the corresponding RAMRIS value from 42 at baseline to 18 after 48 weeks. The STIR images also showed an improvement in synovitis during the same period.
whereas the combined treatment showed no significant efficacy after 52 months. 9 On the contrary, we found that TCZ rapidly decreased synovitis as evaluated by means of contrast-enhanced MRI in a cohort of patients concomitantly treated with DMARDs. There is no apparent reason why TCZ should be more effective on MRI findings when given alone rather than in combination with DMARDs, but the differences between our findings and those of Conaghan et al may be due to our larger patient population, which probably allowed statistical significance to be reached. 9 We observed a statistically significant decrease in the RAMRIS for wrist synovitis after only two weeks of TCZ treatment, which was maintained until the end of the study, thus paralleling the rapid and continuous clinical efficacy of TCZ. The drug is therefore not acting on the composite indices of disease activity by only modifying inflammation markers, but also has a profound effect on synovitis. The quantitative assessment of the degree of synovitis by means of dynamic, gadolinium-enhanced MRI of the wrist showed statistically significant improvements in REE from baseline to weeks 12, 24 and 48, and in RE to week 24. There were also statistically significant improvements from baseline to week 48 in the MRI parameters measured using Dynamika ® software, a system that incorporates efficient data processing and analysis techniques in order to ensure significantly better data quality. 15, 16 Contrary to our expectations, the semi-quantitative RAMRIS for synovitis was apparently more sensitive to change than the theoretically more objective (because continuous and less observer-dependent) DCE-MRI, something that cannot be explained on the basis of the interpretation of the RAMRIS readers because they were blinded to the timing of the images, an approach which was deemed more appropriate because of the absence of a control group. It has been shown that the multi-planar nature of MRI makes it more sensitive than conventional radiography in detecting the progression of bone erosion, and it has also been found that there is a high level of agreement between low-field extremity and high-field conventional MRI in detecting bone erosions and synovitis. 21, 23 Previous MRI studies of the progression of bone erosions in RA have shown that, despite its clinical efficacy, one year of treatment with MTX was followed by an increase in the number of patients with erosions and in the number of erosions themselves. 24 We did not find any radiographic or MRI evidence of the progression of bone erosions during the 48 weeks of TCZ therapy, a finding that is in line with that of Conaghan et al. 9 MRI-detected BME is considered an interim phase between synovitis and bone erosion, and seems to be a strong predictor of subsequent radiographic progression in patients with early RA. 24 Although low-field MRI is only moderately sensitive in detecting BME, 22 we found that TCZ treatment was associated with a decrease in wrist and MCP BME that became significant after 24 weeks. This result is in keeping with the study of Bensaoud et al, who also noted a significant decrease of the RAMRIS BME score after 6 months of TCZ treatment but constrasts with that of Hirota et al, who noted it only after 52 weeks. 10, 11 However, in Bensaoud et al study, only two MRIs were performed at baseline and at 6 months, whereas in our study MRI follow-up was done regularly on six occasions. As a result we can state that the minimum time necessary for BME to improve during TCZ treatment is between 12 and 24 weeks. Our finding that one year's treatment with TCZ significantly reduced synovitis and edema in patients with moderate to severe active RA, and the fact that there was no evidence of any further progression of bone erosions, support the finding of recent clinical trials that TCZ is a disease-modifying agent that limits joint damage regardless of its effects on disease activity. 25 In line with previous findings, we found that the combination of TCZ and DMARDs was rapidly effective in inducing rapid and sustained improvements in the signs and symptoms of RA. 4 The marked decrease from baseline in mean DAS-28 CRP (and its components) that was evident after just two weeks of treatment was maintained for the 48 weeks of the study.
The limitations of this study are the relatively small number of patients and the lack of a control group. Its strengths are the large number of images recorded over one year, the use of an intravenous contrast medium in order to visualise synovitis, the use of DCE-MRI, and the fact that the same type of machine was used in the different study centres. This fact, which is uncommon in multicentre MRI trials, allowed the meticulous standardisation of the procedures and of the interpretation of the results.
In conclusion, the results of this study of a population of Italian patients with moderate to severe active RA not responding to DMARD therapy show that combined treatment with TCZ 8 mg/kg and DMARDs is highly effective in controlling MRI wrist synovitis and bone marrow edema, clinical parameters, and erosive progression. Further doubleblind and placebo-controlled trials are needed to investigate the effect of TCZ on the different parameters of contrastenhanced MRI synovitis in more detail.
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